I. INTRODUCTION
In recent worldwide energy generation and demand, there has been a trend of increasing need for natural gas over oil, with various studies conducted on the supply and transfer of liquefied natural gas (LNG) as a result of this tendency [1] . LNG is transported through pipelines in its liquefied state at a temperature of −163°C, and in this process, insulation at the exterior of the pipeline frequently generates boil-off gas (BOG). There are several methods, such as vacuum, multi-layer, and evacuated powder insulations, to minimize this BOG [2] . The vacuum insulation method is a generic term for cutting off conduction and convection using a rarefied gas, and studies are being actively conducted on this topic [3] . In particular, this method is usually applied to pipelines in designing double pipes. Vacuum insulation refers to the method of reducing BOG by minimizing heat loss to the exterior through a vacuum operation after inserting a high-performance insulator into the interior of the double pipe. However, despite of demonstrating a high performance in insulation, there has been insufficient research on vacuum-insulated piping (VIP) used in double pipes with insulation insertion and vacuum operation [4] . There are several major design parameters that influence heat transfer in VIP, including the degree of vacuum, insulation material, number of insulation layers, and insulator density (number of layers per unit length). However, there has been no clear presentation of fundamental data or research on these topics [5] . Consequently, in this study, to design a vacuum-insulated pipeline, we selected a combination of optimal design parameters using the experimental design method. We also simultaneously performed numerical analysis to Publishing verify the design parameter combinations [6] . We intend to provide the results as baseline data for the design of VIP [7] .
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II. DESIGN OF EXPERIMENTS
Basic design factors were selected by using experimental design, which is one kind of design optimization method, and significant design variables were selected by using an orthogonal array.
For the experimental design, the number of control factors was set to eight, and the number of levels for each factor was set to three, resulting in the formation of an L18 orthogonal array. This method reduced the number of required experiments from a total of 2 × 37 = 4374 to 18, allowing us to deduct the optimal factor from just those 18. Consequently, analysis of variance (ANOVA) was conducted based on experimental design, and the optimal level was determined following calculation of each factor's level of contribution. Table 1 presents the control factors and levels.
Analysis results were reviewed using experimental design. They showed that control factors A, B, and C had significant differences for each level, but not in terms of other aspects. In other words, the factors that influence heat transfer in VIP are thought to be the piping's type, inner diameter, and pipe thickness. The optimal levels deducted based on this assumption are combinations of A2, B3, C3, D3, E1, F1, G1, and H2. 
III. NUMERICAL ANALYSIS A. Finite Element Model
Through experimental design, we performed numerical analysis on variations in the piping's type, inner diameter, and pipe thickness-the factors that influence heat transfer. The commercial program ANSYS v14.0 was used for numerical analysis. The finite element model used in the analysis is shown in Fig. 1 . The dual insulated piping in the figure was simplified into 1/16 of the model to reduce the time needed for numerical analysis. 
B. Thermal Analysis
In this study, thermal analysis was conducted to examine the heat loss during the operation of the dual insulated pipe currently used in LNG transportation pipelines on land. The boundary conditions required for this analysis are shown in Table 2 .
TABLE 2 THERMAL ANALYSIS BOUNDARY CONDITIONS
Because simple thermal analysis allows for the observation of only the temperature distribution in the dual insulated piping system, a structure stability evaluation on the piping through thermal-structural coupled-field analysis was required in order to increase the reliability of the numerical analysis results. 
Control factor Level
C. Thermal-Structural Coupled-Field Analysis
Thermal-structural coupled-field analysis was performed by applying the temperature distribution acquired from thermal analysis. The analysis was also used as a method to increase the reliability of the results in the actual structure stability evaluation of the dual insulated piping. In the thermal-structural coupled-field analysis previously conducted by applying the temperature distribution obtained from thermal analysis, the boundary conditions were set to forced displacement constraints at both ends of the dual insulated piping. 320 bar was applied as the internal load condition. The other boundary conditions used in the thermal-structural analysis are listed in Table 3 .
TABLE 3 BOUNDARY CONDITIONS USED FOR THERMAL-STRUCTURAL COUPLED-FIELD ANALYSIS
IV.
NUMERICAL ANALYSIS RESULTS
D. Thermal Analysis Results
Thermal analysis was used to find the temperature distribution and quantity of heat penetration into the dual insulated piping. Fig. 2 shows the temperature distribution with respect to variations in the pipe's diameter. The temperature distribution was found in order to compute the quantity of heat penetration into the pipe. The values obtained are shown in Fig. 3 . Calculations of heat penetration using temperature distribution showed that for an increase in the dual insulated pipe's diameter, there is a decrease in heat penetration from the outside to the inside. In particular, we found that the change from the smallest pipe, 15A, to 25A resulted in the greatest decrease in heat penetration, and we believe that variations in heat penetration are greater for shorter pipe diameters. Fig. 3 . Calculated heat penetration with respect to the dual insulated pipe diameter.
E. Thermal-Structural Coupled-Field Analysis Results
In the analysis of dual insulated piping, variations in the stress and deformation inside the pipe cannot be neglected in structure stability evaluation using simple thermal analysis. Thus, thermal-structural coupled-field analysis was performed based on thermal analysis results. The thermal-structural coupled-field analysis was used to increase the reliability of the numerical analysis results. The stress and deformation variations for each pipe size are shown in Fig. 4 . The maximum stress and deformation obtained from the thermal-structural coupled-field analysis are shown in Fig.  5 . The results show that the maximum stress occurs for the maximum pipe diameter, with changes in deformation having the same tendency. This result shows that stress and deformation changes increase with increasing pipe diameters, but the stress generated is 227 MPa, which is lower than the allowable stress of SUS304, the VIP material. Therefore, we believe that it is structurally safe. In addition, the variations in deformation are under 0.1 mm; consequently, we believe they can be neglected. 
V. CONCLUSION
In this study, experimental design was used to deduct factors for BOG reduction of the dual insulated piping used in LNG transportation. The deducted factors were used in structural stability evaluation on the dual insulated piping. Thermal-structural coupled-field analysis results required for this evaluation led to the following conclusions: (1) The results of the analysis based on experimental design show that control factors A, B, and C are largely influential. In other words, it can be said that the piping's type, inner diameter, and thickness are the factors that influence heat transfer in VIP. Therefore, the optimal combinations of design variables are A2, B3, C3, D3, E1, F1, G1, and H2.
(2) Thermal analysis results show that heat penetration from the exterior to the interior decreases as the dual insulated pipe's diameter increases, and that the quantity of heat penetration changes considerably as the diameter decreases. These results indicate that pipes with small diameters require more caution in setting conditions when designing dual insulated piping, taking into account the quantity of heat penetration.
(3) Thermal-structural coupled-field analysis results show that the maximum stress and deformation tend to increase with increasing pipe diameter. However, the maximum stress is lower than the material's allowable stress. Consequently, we can assert that it is structurally safe. Further, we believe that subsequent dual insulated piping design must be accompanied by a structure stability evaluation appropriate for service conditions. (4) We found that in the deduction of factors using experimental design, the types of pipes are also a significant factor, but this study applied only to the effect of the pipe's diameter. Therefore, we believe that there will be need for research in the future on the effect of types of dual insulated piping, using this paper as a reference.
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